SUMMARY A combined ultrastructural and immunofluorescent study was conducted on experimentally induced fibrous membranes in the vitreous of adult rabbits. Autochthonous tissue cultured fibroblasts were injected into the mid-vitreous of one eye of each of 25 rabbits. The animals were monitored routinely with an ophthalmoscope and slit-lamp and were killed at various time periods between 5 minutes and 6 months. Appropriate tissue was taken for light microscopy, transmission electron microscopy, scanning electron microscopy, and indirect immunofluorescence. With this model we were able to show that the contractile elements in fibrous membranes are probably modified fibroblasts called myofibroblasts which are most abundant 3 to 6 weeks after injection. This is the time when retinal detachment usually occurs. It is our impression that, as traction membranes develop, there is not so much an increase in the contractile elements of the constituent cells as a rearrangement of the existing cytoplasmic microfilaments into compact highly organised bundles called stress cables. The behaviour and ultrastructural characteristics of intravitreal fibroblasts compare with the action of fibroblasts in the healing of wounds.
Experimental vitreal fibrous membranes have been produced in the rabbit eye by the injection of autochthonous (autologous) cultured skin fibroblasts into the centre of the vitreous cavity. [1] [2] [3] These membranes are contractile and can produce traction detachments of the retina. Indeed in their preliminary study Grierson and Forrester3 found that of the 7 animals which were followed up for at least 4 weeks 5 developed detachments. More extensive investigations have been conducted by Algvere and Kock' andSugita et al.2 in whose experimental series detachment developed in 50% and 55% of the injected eyes respectively.
It would seem, then, that the rabbit model is a useful means of studying the basic mechanisms involved in the process of membrane contraction and subsequent retinal detachment. The experimental fibrous membranes produced in the rabbit appear to have a similar biological behaviour to those found in human pathological specimens. Nonvascular fibrous membranes develop in association with the vascular proliferations which characterise diabetic retinopathy, and undoubtedly they contribute to the progressive visual disability.4 Retinal detachment is a common late complication following trauma to the posterior globe of the eye, and the detachments occur Correspondence to Dr 1. Grierson. when sheets of scar tissue form within the vitreal cavity."8 Further serious visual complications can ensue in eyes with rhegmatogenous retinal detachment due to the action of vitreal fibrous tissue in exacerbating the initial detachment. 9 Clearly with a better understanding of the nature of membrane contraction and the precise pathogenetic events which take place during the formation of fibrous membranes decisions regarding the best time for surgical intervention will have a less empirical basis. Also the possibility of pharmacological inhibition of membrane development or contraction will be brought a step nearer. In the present investigation ultrastructural and immunofluorescent techniques were used to study the development of scar tissue in the rabbit vitreous and to study the basis of contraction in the developing membranes. Comparisons were made between fibroblast activity in wound healing of the skin and membrane formnation in the vitreous.
Material and methods EXPERIMENTAL PROCEDURES
Skin biopsies were taken from the backs of 25 albino rabbits which weighed between 1-5 and 3-0 kg. The hair in the area to be biopsied was closely cropped and then cleaned with 70% alcohol. Local anaesthesia 737 1. Grierson and A. H. S. Rahi was induced by the intradermal injection of lignocaine hydrochloride, and thereafter a segment of skin was removed and sliced into 3 or 4 blocks which were approximately 1 mm wide. The blocks were then introduced into Falcon flasks and fixed into position with a double layer of chick plasma clot.'0 These flasks were kept in an incubator at 37-38°C, fed twice every week with tissue culture medium," and maintained in an environment of 5% CO2 and air. After approximately 2 weeks in primary culture a monolayer of fibroblasts had formed and the clot had split and disintegrated. The fibroblasts were subcultured for a further 2 to 3 weeks until there was a sufficient crop of cells for for intravitreal injection. To harvest the cells the monolayer was dissociated with a solution of 0-25% trypsin in phosphate-buffered saline or scraped off with a rubber 'policeman' and then collected in a sterile syringe. The cells were finally washed 3 or 4 times in isotonic phosphate-buffered saline prior to being centrifuged at 1000 rpm for 6 minutes.
The cells were resuspended in phosphate-buffered salt solution, cell frequency was checked with a haemocytometer, and 0-2 ml of fluid containing 400000 to 1000000 fibroblasts was taken up into a syringe. A second sample of cells was vitally stained with trypan blue, and the frequency of dead and damaged cells in the fibroblast population was checked.
At this time the appropriate rabbit was anaesthetised with intravenous sodium pentobarbitone (30 mg per kg body weight) and one eye softened by the withdrawal of 0-2 ml of aqueous humour (see Forrester and Grierson'2) . Subsequently the 0 2 ml of suspended fibroblasts were injected into the central vitreous cavity via the pars plana. The whole procedure was carried out under ophthalmoscopic control. Routine examination included ophthalmoscopic and slit-lamp observation of the experimental eyes for the duration of the study. In this way a photographic record of the key changes during the development of the vitreal membranes and the subsequent retinal detachment (if it took place) was available for each animal.
HISTOLOGICAL PROCEDURES
The animals were killed with an intravenous overdose of sodium pentobarbitone 5 min, 2 h, 4 h, 1 day, 2 days, 3 days, 6 days, 2 weeks, 3 weeks, 6 weeks, 10 weeks, 3 months, and 6 months after the intravitreal injection of fibroblasts. The eyes were opened in the appropriate plane depending on the position of the fibroblasts or the developing membranes and fixed in 3% glutaraldehyde solution in cacodylate buffer.
After macroscopic photography and a minimum of 4 hours in primary fixative samples of retina, optic nerve, vitreous, lens, ciliary body, and limbus were dissected out for post-fixation in 1% osmium tetroxide. Thereafter the segments were dehydrated in example, skeletal muscle, liver, kidney, stomach wall, and salivary gland-which had been frozen, sectioned and treated with the sera. 6 After treatment with the sera the appropriate sections and tissues were exposed to fluorescein-labelled antihuman immunoglobulins. 3 14 The specimens were studied and photographed in a Zeiss epifluorescent microscope equipped with an FITC interference filter.
Results

WOUND HEALING IN THE SKIN
The fibroblasts of normal skin are scattered throughout the papillary and reticular dermis. When we examined these cells under the electron microscope they were seen to have ovoid nuclei with a prominent heterochromatin pattern, and their cytoplasm contained a few small mitochondria and poorly developed rough endoplasmic reticulum. The cytoskeletal framework of the fibroblasts consisted of a few scattered microtubules, intermediate filaments (10-12 nm in diameter), and contractile microfilaments 6-7 nm in diameter). Correspondingly, indirect immunofluorescent staining for 'smooth muscle' antigens in normal skin was positive in the case of vascular endothelium and epidermal keratinocytes, but was only faintly positive in the dermal connective tissue where the inactive fibroblasts (fibrocytes) were located ( Fig. la) .
During the process of wound healing the number of fibroblasts increased after the initial inflammatory episode (from day 4 onwards). From and by 4 to 5 weeks myofibroblasts were still present but were less prominent than at earlier periods.
FIBROBLASTS IN CULTURE
When the fibroblasts from the skin explants began to grow in culture they were found to have 'smooth muscle' antigens in their cytoplasm (Fig. 3) . Cytoplasmic fluorescence was particularly prominent in those cells at the growing edge of the culture. Well established primary cultures and subcultures consisted of a compact mass of spindle-shaped cells, and by 3 to 4 weeks there were usually sufficient cells for intravitreal injection.
CULTURED FIBROBLASTS INJECTED INTO THE VITREOUS
Immediately after their injection into the vitreous the fibroblasts rounded up and formed clusters. These clusters persisted for at least 4 hours. After they were stained with trypan blue it was found that between 10 and 15% of the cells in the initial injections were dead. After 4 hours in the vitreous the incidence of dead cells had increased (20 to 40%) (Fig. 4) . The intact viable cells could be seen by electron microscopy to contain large numbers of lysosomal inclusions. Their cytoskeleton consisted of a few microtubules and 10 to 12 nm intermediate filaments. Those microfilaments (6-7 nm) which make up the contractile system were rare and only sporadically distributed within the cell cytoplasm. Immunofluorescent studies of the intravitreal bolus 1 hour after injection showed that the bulk of the cell population were only weakly positive. However, by 4 hours some of the fibroblasts at the periphery of the aggregate had a distinct and diffuse cytoplasmic fluorescence (Fig. 5) .
One day after injection into the vitreous the cells had begun to form elongated strands. By this stage most of the cells were intensely fluorescent, but the pattern was always of the diffuse form (Fig. 6) . Electron microscopy showed that 6-7 nm microfilaments were common and were spread throughout the cell cytoplasm.
Between the 3rd and the 6th days the cells migrated towards the vitreous base, and the optic nerve head and sheets of cells occupied a retrolental position. During this period the cells progressively lost their rounded form and they adopted a more characteristic fibroblastic shape (Figs. 7 and 8 ). The cells had obvious 'ruffles' (Fig. 7) and filopodia ( Fig. 8) , both of which are features indicating cellular mobility. On day 3 microfilaments were abundant but were always diffusely spread throughout the cell cytoplasm (Fig.  9) , whereas on day 6 we began to find cells in which the 6-7 nm microfilaments were aggregated into loose bundles (Fig. 10) . Usually by the 3rd day the vitreous face was detached, and variable numbers of inflammatory cells were present. The inflammatory response became apparent on either the 1st or 2nd day and consisted almost entirely of neutrophils. By the 6th day few neutrophils remained, and there was a predominance of lymphocytes. The lymphocytes persisted up to the 3rd week after injection.
At day 6 the fibroblasts had formed sheets throughout the vitreous (Fig. 11a) . By now some of the cells appeared to be producing thin branching extracellular microfibrils (Fig. 12) and were distinguished by the presence of a well-developed Golgi system, many mitochondria, and abundant rough endoplasmic 741 reticulum. From 6 days onwards immunofluorescent staining of the newly formed membranes gave only weakly positive results. Indeed by 2 weeks the fluorescence was so poor it was difficult to distinguish the cells.
Particularly well established membranes were found between 3 and 6 weeks, by which time retinal detachment had occurred in most eyes (Fig. Ilb) . Sheet-like membranes occupying an equatorial or retrolental position were common as were columnar or stalk membranes some extending between the lens and the optic nerve head. The membranes were hypercellular and the collagen within them was composed of predominantly 10 to 20 nm diameter fibrils which, with our staining technique, had no obvious periodicity. At the 3-week stage the fibroblasts were elongated spindle-shaped cells in close contact with each other (Fig. 13) . The highly orientated bands of cells had formed gap junctions at points of cell-to-cell contact (Fig. 14) . Mitochondria, Golgi vesicles, and rough endoplasmic reticulum were no longer profuse within the majority of cells. Compact bands of microfilaments were a frequent finding and these aggregates were located in the cytoplasm immediately beneath the plasma membrane (Fig. 15) . Similar bands of closely associated microfilaments have been observed in a variety of cells in vitro and have been called 'stress-cables' (see discussion). Occasionally the 'stress-cables' extended into thin cytoplasmic processes to constitute microtendons (Fig. 15 ) that either joined neighbouring cells or were embedded in the extracellular matrix. Some of the cells in the membranes had heavily indented nuclei (Fig. 13) , but otherwise the nuclei were unremarkable.
Immunofluorescent staining showed fine fluor- escent streaks within the cells which we considered to correspond to the 'stress-cables' seen by electron microscopy (Figs. 16 and 17) . At higher magnification of individual cells the evidence was even more compelling. The overall cytoplasmic fluorescence was weak except for the strands of intense fluorescence (Fig. 18) .
With our long-term survival experiments (10 weeks to 6 months) the membranes became progressively richer in their collagen content and fibroblasts became less abundant (Fig. 19) . The cells at the centre of these dense membranes showed evidence of lipoidal degeneration (Fig. 19) . Although 10-20 nm unbanded collagen fibrils were much in evidence larger diameter, banded fibrils had become components of the matrix. Collagen fibrils of 30 to 45 nm diameter with a periodicity of about 40 nm were common, but also 80 nm diameter fibrils with a 62 to 64 nm periodicity were found.
Discussion
The term 'myofibroblast' was coined by several authors'720 to describe a type of fibroblast seen in granulation tissue which has many of the features of the smooth muscle cell but few of the characteristics of the classical fibroblast. These cells have abundant intracytoplasmic microfilaments whereas the rough endoplasmic reticulum and mitochondria are poorly After injection into the vitreous, however, the cells contained few contractile microfilaments, and staining with sera rich in 'smooth muscle' antibodies gave only weakly positive results. It was an extremely interesting finding that in the vitreous the most intense reaction was not with the so-called myofibroblasts but at the earlier presynthesis motile stage when a strongly positive diffuse cytoplasmic staining reaction was observed. In this particular model our immunofluorescent and ultrastructural studies indicate that, as traction membranes develop, there is not so much an overall increase in the contractile elements of the constituent cells as a rearrangement of the microfilaments into compact highly organised bundles orientated parallel to the long axis of the cell. The characteristics of the myofibroblasts in the vitreous are (a) they are not rich in rough endoplasmic reticulum and mitochondria; (b) they are elongated spindle shaped cells; (c) they form compact x 27500).
features we have described but in addition 'dense bodies,"9 maculae adhaerentes, and hemidesmosomes20 have been noted. We have seen all 3 in our cells, but they were not particularly prominent and certainly were too rare to be considered as distinguishing features of the vitreal myofibroblasts. In Table 2 16 Indirect immunofluorescent staining with sera rich Fig. 17 Indirect immunofluorescent staining with sera rich in anti-'smooth muscle' antibodies ofa sheet membrane 3 in anti-'smooth muscle' antibodies ofa membrane 6 weeks weeks after the injection offibroblasts into the vitreous.
after the injection offibroblasts into the vitreous. Streaks ofpositive staining corresponding to 'stress-cables' Stress-cables can be seen (x 275). can be identified (x 200). are associated with cells which are anchored firmly to a substrate.26"" Whether the prominent actin-rich microfilamentous bundles in the cytoplasm of myofibroblasts merely bind the cells to the collagenous scaffold or are the contractile system responsible for retinal detachment remains to be established. It has been proposed that collagen formation is the basis of the contraction of fibrous membranes,'32 but normal collagen does not contract and as we3 and others2 have shown the basis of membrane retraction is cellular rather than extracellular. However, maturation of the extracellular matrix from the thin unbanded microfibrils which initially were the sole components of the scaffold to the complex of unbanded and banded collagen microfibrils (seen at 10 weeks) may be the locking mechanism whereby the contracted membrane develops into a fixed scar. The processes involved have been studied in wound healing of the skin33 but they remain an important area for future research in vitreal fibrosis.
